Rapid thermal oxidation and quenching in liquid nitrogen (RTOQN) has been examined on anodized porous silicon (PS). The as-anodized PS samples exhibit a photoluminescence peak at 750 nm that decays instantaneously upon discontinuance of 325-nm He-Cd laser irradiation. In contrast, PS samples after RTOQN show a luminescence peak at 560 nm that decays very slowly (>1 s). In this paper some detailed RTOQN conditions leading to such a slow-decay photoluminescence are defined.
Introduction
Bulk crystalline silicon is not adequate for fabrications of optoelectronic devices because of its indirect band gap structure. In contrast, porous silicon (PS) which is usually prepared from bulk silicon through anodization in hydrofluoric acid solutions has widely been investigated from both basic and applied viewpoints since the discovery of a visible photoluminescence (PL) from PS at room temperature. 1) It is well known that the PL of PS is sensitive not only to anodization conditions but also to post-treatments, including oxidation in air, 2) anodic oxidation 3, 4) and boiling in tap water, 5) F 2 /H 2 O and thermoelectron/H 2 O treatments in vacuum conditions [6] [7] [8] etc. Furthermore, the rapid thermal oxidation (RTO) treatment of as-anodized PS brings about a significant blue shit of the original PL peak position from 650-800 nm (red) to 430-550 nm (blue-yellow). 9, 10) The lifetime of the red photoluminescence at room temperature is in the microsecond range ("slow luminescence"), 11) whereas that of the blue-yellow luminescence is in the nanosecond range ("fast luminescence"). It appears from these facts that modifications of PS by physical as well as chemical means may be the key to accession of new luminescence properties.
Annealing and quenching for instance are sometimes useful to improve the functions of the metal-based materials due to the sequential change of texture. Thus, in the present paper, we report that as-anodized PS samples subjected to rapid thermal oxidation and quenching in liquid nitrogen (RTOQN) in succession give forth a visible PL at room temperature with its decay time as long as 1 s, quite longer than the decay time of as-anodized PS samples. Detailed RTOQN conditions leading to such a slow-decay PL are defined in this paper. We also present Raman, IR, and XPS data for PS samples before and after RTOQN to discuss the resulting PL features.
Experimental
We used p-type Si(100) wafers (8.5 × 10 2 -11.5 × 10 2 ·m) with optically flat surfaces. Aluminum was evaporated in vac- * Corresponding author: E-mail: wadayamt@material.tohoku.ac.jp uum onto one side of the wafer planes to form a good ohmic contact. The wafers were anodized in 46 wt%HF aqueous solution at a current density of 100 A/m 2 . The average thicknesses of the PS layers were determined using a laser microprobe. Unless otherwise stated, the average thickness of the PS layers used in the present study was 2 µm. The RTOQN treatment was performed as follows: the as-anodized PS samples were heated in oxygen to 400-1200
• C at the rate of temperature elevation 6-12 • C/s, then retained for 600 s at the same temperature, and immediately quenched in liquid nitrogen (−196 • C). The radiation source for PL and Raman excitations was a He-Cd laser (325 nm (30 mW) and 441.6 nm (80 mW) lines available). The polychromator and the CCD detector used for PL and Raman spectral measurements have been described elsewhere.
12) The acquisition time was 1 s for the PL, 1200 s for the Raman, and 0.3 s for the PL decay feature. A Fourier-transform infrared (FT-IR) spectrophotometer (Bomem, MB100) equipped with a DTGS detector was used for the IR transmission measurements of the samples and all the spectra were recorded as the average of 128 scans at a resolution of 4 cm −1 . For X-ray photoelectron spectroscopy (XPS) measurements, the AlKα line (1486.6 eV) was used for the excitation. Surface morphologies of PS samples before and after RTOQN treatments were observed in a field emission scanning electron microscope (FE-SEM; Hitachi, S-4500). Figure 1 shows the PL spectra (325-nm excitation) of (a) as-anodized PS, (b) PS after rapid thermal oxidation in oxygen at 1000
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Conditions for obtaining slow-decay PL samples
• C (600 s) followed by cooling in oxygen, and (c) PS after rapid thermal oxidation in oxygen at 1000
• C (600 s) followed by rapid quenching in liquid nitrogen (RTOQN). As can be seen form the figure that the PL band of the asanodized PS at 742 nm shifts to shorter wavelength (560 nm) accompanied by a large increase in the PL intensity through the 1000
• C oxidation in oxygen. The blue shift of the PL peak by the rapid thermal oxidation (RTO) treatment can be 400 500 600 700 800 900 explained by a reduction in the average size of the silicon particles; as the nano-size silicon particles get smaller a widening of the band gap occurs, which leads to a blue shift of the PL. 1, [13] [14] [15] [16] It is clear from Fig. 1 that the rapid quenching in liquid nitrogen causes no remarkable change in PL.
Although the two PL bands observed after the RTO and RTOQN treatments are almost all the same in position, they decay quite differently, as shown in Fig. 2 . As can be seen from Fig. 2(a) , the luminescence of the RTO sample vanishes almost instantaneously upon suspending 325-nm laser irradiation. Although we could not follow the decay more exactly, the fast-decay is qualitatively in accord with the decay of the blue luminescence of the PS reported in the literatures. 11, 17) In contrast to the unquenched RTO sample, the decay of the RTOQN sample is quite slow (>1 s). To the best of our knowledge, such a slow-decay photoluminescence has not been reported in the past. It should be pointed out here that the slow-decay could be observed upon excitation at 325 nm, whereas 442 nm excitation gave rise to a fast-decay as likely shown in Fig. 2(a) .
We summarized preparation conditions thereby leading to a slow-or a fast-decay PL in Fig. 3 , where the open circles denote slow-decay samples and fast-decay ones are denoted by the filled triangles. Each PL was excited by 325-nm radiation. It is found from the figure that the samples having 1 µm thick PS layer show a fast-decay PL in spite the variety of conditions indicated. In contrast, 1000
• C RTOQN samples with PS layers more than 2 µm thick always exhibit a slowdecay. Further, the RTOQN treatments to the sample with 6 µm thick PS layers at relatively low temperatures (<800
• C) also give the slow-decay PL. At any rate, the oxidation temperature in the RTOQN process is of primary importance to achieve a slow-decay PL. proposed to date. The former is based on the radiative recombination of quantum-confined electron-hole pairs across the wider band gap of silicon nano-particles. 1, [13] [14] [15] [16] The latter claims various wide-gap surface species such as hydrogenated silicon, 2, [18] [19] [20] siloexene compounds, 3) silanone-based silicon oxyhydride, 21) and non-bridging oxygen hole center. 22, 23) Furthermore, the local energy state at the silicon/SiO 2 interface [24] [25] [26] or at the silicon/SiO x interface 27, 28) can lead to the blue PL of PS obtained through RTO. Thus, suitable modifications via oxidation seem to be responsible for the longlifetime PL of PS. Figure 4 shows the Raman spectra of the PS samples after (a) 400
Raman, IR, XPS and SEM observations of slow-and fast-decay PL samples
• C oxidation and quenching in liquid nitrogen ("fastdecay PL"), (b) 1000
• C oxidation and liquid-nitrogen quenching ("slow-decay PL"), and (c) 1200
• C oxidation and liquidnitrogen quenching ("fast-decay PL"). All the PS samples exhibit a band at 520 cm −1 due to a LO phonon mode of the bulk silicon beneath the PS layers. As can be seen in (a) and (b), the bulk LO phonon band accompanies a broad feature (marked by arrows) on the low frequency side. This broad feature arises from multitudinous LO vibrations of nano-size silicon particles produced by the original anodization. 29, 30) Based on the spatial correlation model [29] [30] [31] the average size of the silicon particles was estimated to be 2.8 nm for sample (a) and 2.4 nm for sample (b). This decrease in the average size can be taken as a consequence of more pronounced oxidation of the particles at 1000
• C. As is evident from sample (c) exhibits no definite feature ascribable to nano-size silicon particles. This is conformable to the prediction that the PS oxidation at 1200
• C should result in much more formation of silicon dioxide. These Raman spectroscopic results reveal that the PS samples subjected to oxidation at less than 1000
• C contain nano-size silicon particles unlike the 1200
• C oxidation sample. Thus the PS samples are different in structure, but any of the samples showed a PL peak at around 560 nm although, as described above, both samples (a) and (c) exhibited a fast-decay PL while sample (b) showed a slow-decay PL. Taking these facts into account, it is likely that nano-size silicon particles themselves play no decisive role in such a slow-decay PL as well as a fast-decay PL. Perhaps the close proximity of silicon to silicon dioxide or sub-oxide would be important to generate a slow-decay PL.
FT-IR measurements were also carried out, the results of which are shown in Figs. 5 for PS samples (a): as-anodized, (b): oxidized at 1000
• C in oxygen for 600 s followed by cooling down, and (c): oxidized at 1000
• C in oxygen for 600 s followed by quenching in liquid nitrogen. The IR spectra were taken at a normal incidence of radiation, for which the radiation transmits through the whole PS layers and hence only average information is available on chemical modification. The IR spectrum of the as-anodized PS (a) is well characterized by the strong bands due to silicon hydrides (Si-H x ; x = 1,2,3) and also by the very weak bands due to silicon oxide. 7, 8) It is found that the RTO (b) and RTOQN (c) treatments lead to a severe oxidation of the silicon particles and consequently the bands due to silicon oxide are observed strongly in place of the silicon hydride bands. As can be seen clearly from Figs. 2 and 5, although almost all the same IR spectra were observed for samples (b) and (c), the former exhibits a fast-decay PL and the latter a slow-decay PL. Thus, the IR spectroscopic view reveals that the RTO and RTOQN treatments cause the same chemical modifications of PS. Figure 6 shows the XPS spectra in the Si 2p region for PS samples: (a) as-anodized, (b) oxidized at 1000
• C in oxygen for 600 s and cooled down (RTO), and (c) oxidized at 1000
• C in oxygen for 600 s and quenched in liquid nitrogen (RTOQN). According to the wide scan XPS spectra (not shown here), the composition (atomic %) of the as-anodized sample is Si (71), O (12), F (13), and C (4), whereas the RTO/RTOQN samples are composed of Si (26/25) , O (57/54), F (0/0), and C (17/21). These compositions are concerned with the surface regions at most 2-3 nm deep. It is seen in the narrow scan spectra (Fig. 6 ) that both the RTO (b) (a) Raman Intensity (arb.unit) (b) 400 500 600
Wavenumber, /cm The average thickness of the PS layers is 2 µm. The spectra were measured at room temperature. and RTOQN (c) samples exhibit a single band at 102.5 eV (1 eV = 1.602×10 −19 J) while the as-anodized sample (a) exhibits a band at 100.0 eV in addition to a weak band very near 102.5 eV. Since the band at 102.5 eV corresponds to Si 4+ , 32) it is found that the RTO and RTOQN treatments of PS result in the oxidation of nano-size silicon particles to silicon dioxide. However, with the exception of the Si 2p bandwidth no difference can be seen between the RTO and RTOQN samples, the latter of which shows a slow-decay PL. In view of the IR and XPS results thus described we conducted SEM inspection as described below. Scanning electron microscope (SEM) images for PS samples obtained after RTO and RTOQN treatments are shown in Fig. 7 . Obviously, the two samples look quite different on the SEM photographs. Unlike the RTO sample ("fast-decay PL"), the RTOQN sample ("slow-decay PL") has large cracks, probably developed by the rapid quenching in liquid nitrogen. The cracks provide evidence for the mechanical stress on the PS. Additionally, the RTOQN sample has a surface roughness of the submicrometer order. We also confirmed that all the RTOQN samples that exhibited a slow-decay PL have both such cracks and surface roughness as shown in Fig. 7 . These facts make it likely that either the stress or the roughness or both may be connected with the slow-decay PL. The blue luminescence of the PS obtained through RTO as mentioned earlier could arise from the local energy states at the silicon/SiO 2 interface or silicon/SiO x interface. [27] [28] [29] [30] [31] Perhaps, the formation of such interfaces holds true in our samples too. Actually, while 1000
• C oxidation of the samples of PS layers above 2 µm thick always led to a slow-decay luminescence, 1200
• C oxidation sometimes showed a fast-decay luminescence, as shown in Fig. 3 . Such samples exhibited no Raman scattering feature attributable to nano-sized silicon particles, as shown in Fig. 4 . This is quite unlike PS samples showing a slow-decay PL. Thus, it seems very plausible to assume that the nano-sized silicon/SiO 2 interface deeply concerns the slow-decay luminescence.
Also of importance inferable from the SEM photographs shown in Fig. 7 is the rapid shrinkage of the swelling PS layers (silicon nano-particles and SiO 2 ) by quenching in liquid nitrogen. Hence, we predict that defects could be created by strain at the silicon/SiO 2 interfaces. Such defects probably have electronic energies that are not allowed in the bulk silicon crystal though not uniquely defined in the present work. Moreover, emphasis must be placed on the facts that whereas 441.6-nm (2.81 eV) excitation always induced a fast-decay luminescence at 560 nm (2.22 eV), the slow-decay luminescence required 325-nm (3.82 eV) excitation. These facts suggest that in the slow-decay PS samples unoccupied electronic states can exist between 2.81 and 3.82 eV; i.e., the electrons once exited to such levels relax towards a final state to recombine with holes. Although no further elaboration has been made to get a more insight into the mechanism for the longlifetime photoluminescence, it is clear that the RTOQN treatment makes it possible to create new PL properties of PS.
Summary
We found that the rapid thermal oxidation in oxygen and quenching in liquid nitrogen (RTOQN) of anodized PS leads to a slow-decay PL (>1 s) in the visible region at room temperature. No slow-decay PL was observed for the anodized PS subjected to rapid thermal oxidation (RTO) without rapid quenching in liquid nitrogen. In this paper RTOQN conditions leading to such a slow-decay PL were defined in somewhat detail. Although no substantial differences between the slow and fast-decay PS samples could be found from IR, Raman, and XPS analyses, SEM images clearly showed that the slow-decay PL samples obtained by RTOQN always have cracks and roughness. We demonstrated in the present study that RTOQN provides a method for obtaining new luminescence properties of PS.
